Malignant epithelial lung carcinoma can be subclassified by histology into several tumor types, including adenocarcinoma and squamous cell carcinoma. The need for a uniform method of classifying lung carcinomas is growing as clinical trials reveal treatment and side effect differences associated with histological subtypes. Diagnosis is primarily performed by morphological assessment. However, the increased use of needle biopsy has diminished the amount of tissue available for interpretation. These changes in how lung carcinomas are diagnosed and treated suggest that the development of improved molecular-based classification tools could improve patient management. We used a 551-patient surgical specimen lung carcinoma retrospective cohort from a regional hospital to assess the association of a large number of proteins with histological type by immunohistochemistry. Five of these antibodies, targeting the proteins TRIM29, CEACAM5, SLC7A5, MUC1, and CK5/6, were combined into one test using a weighted algorithm trained to discriminate adenocarcinoma from squamous cell carcinoma. Antibody-based classification on 600 lM tissue array cores with the fiveantibody test was compared to standard histological evaluation on surgical specimens in three independent lung carcinoma cohorts (combined population of 1111 patients). In addition, the five-antibody test was tested against the two-marker panel thyroid transcription factor-1 (TTF-1) and TP63. Both the five-antibody test and TTF-1/TP63 panel had similarly low misclassification rates on the validation cohorts compared to morphological-based diagnosis (4.1 vs 3.5%). However the percentage of patients remaining unclassifiable by TTF-1/TP63 (22%, 95% CI: 20-25%) was twice that of the five-antibody test (11%, 95% CI: 8-13%). The results of this study suggest the five-antibody test may have an immediate function in the clinic for helping pathologists distinguish lung carcinoma histological types. The results also suggest that if validated in prospectively defined clinical trials this classifier might identify candidates for targeted therapy that are overlooked with current diagnostic approaches.
Malignant epithelial lung carcinoma is classified into several histological types, including adeno-, squamous cell, and large cell carcinoma. 1 Large cell and adenocarcinomas are more frequently found on the periphery of the lungs, in contrast to squamous cell carcinomas that tend to be more centrally located. Squamous cell carcinomas frequently are slower growing and metastasize late. Large cell and adenocarcinomas tend to have a worse prognosis for all stages. Recent genomic studies have begun to reveal systematic gene expression differences both between and within these histological subclasses. [2] [3] [4] [5] [6] These molecular physiological differences, detected by large-scale gene expression profiling, suggest a potential clinical utility for subclassification by clinical histological type, 7, 8 but several studies have failed to find a predictive association between histological type and standard cytotoxic chemotherapy efficacy, accounting for current standard treatment strategies that do not take into account lung carcinoma histological type. [9] [10] [11] Despite the established lack of utility of distinguishing adenocarcinoma from squamous cell carcinoma for the selection of traditional chemotherapeutics in the treatment of lung carcinoma, there is growing evidence that the efficacy and toxicity of some emerging targeted or combination treatment strategies are associated with histological type. Small molecules that inhibit the receptor tyrosine kinase EGFR (gefitinib and erlotinib) have shown a significant clinical response only in patients with tumors that show adenocarcinoma histology in several clinical trials. [12] [13] [14] Therapeutic regimens using docetaxel in combination with the nucleoside analogue gemcitabine, and permetrexed in combination with cisplatin, have a higher response rate in patients with adenocarcinoma differentiation compared to other histological types of lung carcinoma. 15, 16 The recombinant antibody bevacizumab, targeting the VEGF protein, has been shown to be effective when used in combination with standard first-line chemotherapy; however in patients with squamous cell carcinomas, in particular the cavitating variant, it is associated with fatal pulmonary hemorrhage. It has thus been recommended for use only in lung carcinoma patients with non-squamous cell histology. [17] [18] [19] These findings have generated a renewed interest in the importance of histological type in determining treatment choices in lung carcinoma patients.
Classification of lung carcinoma into histological types is traditionally carried out by using the standard histochemical staining using hematoxylin and eosin (H&E) and a mucin stain such as Alcian blue periodic acid-Schiff recognition of glandular/ acinar, papillary, or bronchioloalveolar growth patterns as well as mucin droplets warrants for diagnosis of adenocarcinoma. 1 In contrast, the presence of cytoplasmic keratinization with squamous pearl formation, unequivocal squamous-type stratification of the epithelium or intercellular bridges (desmosomes) defines squamous cell carcinoma. In addition, unclassifiable growth patterns are often found, eg solid growing tumors with very scarce mucin droplets, pseudostratification without clear desmosomes, or cytoplasmic keratinization. Clear large cell features: large and vesicular nuclei, containing prominent red macronucleoli, may also be absent. The diagnosis is also further confounded by the use of needle biopsy as opposed to surgical biopsy for later stage tumors, which provides limited material for diagnosis. Error rates may be as high as 25% when comparing diagnosis on needle biopsy specimens to those obtained on surgical specimens. 20 Though there is extensive diversity in the molecular physiology of lung tumor histological types 3 and markers that differentially associate with these have been previously proposed, there is currently no widely accepted molecular-based tool to help distinguish the different histological types. Two markers regularly used by the surgical pathologist as an adjunct to morphological diagnosis are the thyroid transcription factor-1 (TTF-1) that stains tumors with adeno differentiation, as opposed to TP63 that stains squamous cell carcinoma. [21] [22] [23] Staining patterns of TP63 and TTF-1 are useful both for distinguishing small cell carcinomas from squamous cell carcinoma 23 as well as adenocarcinoma from squamous carcinomas. 21, 22 However the combination of these markers has a relatively low sensitivity for a particular histological type as these markers are not necessarily specific to adenocarcinoma and squamous cell carcinoma; TTF-1 expression has been reported in a minority of lung squamous cell carcinomas and p63 has likewise been noted to be expressed a minority of lung adenocarcinomas, resulting in these markers in combination often both staining a single tumor or not staining at all, and therefore failing to classify a large fraction of lung carcinoma cases. [24] [25] [26] To establish a robust classifier of lung histological subtype, we explored 105 protein markers as classifiers on a lung carcinoma cohort with 223 adenocarcinomas and 161 squamous cell carcinomas and identified a five-antibody panel strongly associated with morphologically determined histological type. We then tested the association of this classifier panel, the five-antibody test, with pathologist-determined morphological class in three independent lung cohorts and compared it to classification with TTF-1 and TP63.
Materials and methods

Patients
Four different tissue array cohorts were used in this study (Table 1) . 
Comprehensive Cancer Institute of Huntsville
Universita¨tsspital Zürich (Zurich)
A total of 598 stage I-IV lung carcinoma patients.
Morphological Diagnosis
For the CCIH, and UAB cohorts, pathological diagnosis was extracted from the clinical record and therefore performed by multiple pathologists at the collaborating institute. The Zurich cohort diagnosis was extracted from pathology record files and further reviewed by one pathologist (AS) and a physician (SA), with doubtful and large cell carcinoma cases discarded. For the Invitromed cohort, diagnosis was performed by a single pathologist (WS) on whole section H&Es.
Antibody Scoring
Scoring was performed on tissue arrays on a semiquantitative scale, where the lung cancer tissue present in each core was scored as negative, weak, or strong. Differentiation of weak or strong staining was based on the relative intensity of staining between cases. To ensure that the derived diagnostic model was reasonably insensitive to scoring variability, scores of weak and strong were combined into a single score of positive staining for the purpose of entering results into the weighted algorithm. Consensus scores between duplicates were derived by using single scores when duplicates were unavailable, converting a score to weak when one of the duplicates was scored as weak positive whereas the other was scored as strong positive or negative, and scoring as no information when duplicate cores were contradictory (eg, negative stain and strong stain). The antibodies used in the five-and twoantibody tests were scored as follows:
CEACAM5: scored positive when cytoplasm and/ or membrane staining was present on greater than 10% of invasive tumor cells. SLC7A5: scored positive when plasma membrane staining was present on greater than 10% of invasive tumor cells.
TRIM29: scored positive when cytoplasm staining was present on greater than 10% of invasive tumor cells including cases where staining was predominantly basally located.
CK5/6: scored positive when cytoplasm staining was present on greater than 10% of invasive tumor cells.
MUC1: scored positive when staining was present on greater than 10% of invasive tumor cells including those where stain appeared to be mostly secreted.
TP63: scored positive when staining was present on greater than 10% of the nuclei of invasive tumor cells.
TTF-1: scored positive when staining was present on greater than 1% of the nuclei of invasive tumor cells.
Immunohistochemistry
Slides for immunohistochemistry were prepared and processed as described in previous studies. 27 For each antibody, dilutions were first tested on a small 'titer' tissue array that had lung cancer cases with positive and negative cases for all antibodies in the panel, in addition to a set of tumor-derived cell lines suspended in paraffin. For the training cohort (CCIH), commercially available antibodies used in the discovery of the minimal antibody set (ER, PR, EGFR, ERBB2, KIT, CK5/6, CK17, TP53, and KI67) slides were stained by a commercial service (US Labs Inc., CA, USA).
Antisera Generation and Screening
Genes targeted for antisera generation were selected on the basis of gene expression patterns in diverse tumors as well as selected cell biological experiments. Antibodies were produced as previously described. 27 Novel antisera (n ¼ 737) were screened by an iterative process that entailed first determining a concentration that discriminated tissue and/or cell types on 'titer' arrays comprising an assortment of tumor and normal tissues. Antibodies determined to have an interpretable staining pattern (B400) were placed on tumor screening arrays comprising lung tumor specimens (no clinical follow-up available) to identify those that distinguished a significant subset of cases. Images of each stained core were obtained using an automated scanning microscope with hardware and software designed for tissue array image archiving (Bacus Laboratories, IL, USA). Data sets and images were managed in a custom Oracle-based database designed to retrieve and assemble data sets and images based on clinical annotations and other data parameters. The discovery cohort was assembled from patients seen at the CCIH. The three validation cohorts were assembled from patients at the UAB, the University Hospital Zü rich (Zurich), and patients from a collection of hospitals (Invitromed). Histological type classification is from a pathological diagnosis without the aid of molecular markers.
Model Building for Histological Type Determination
Of the 400 antibodies screened on lung tumor tissues, 105 were selected to be stained and scored on the CCIH training cohort. k-Means and hierarchical clustering were used as an exploratory classification tool. Data were filtered to include only samples with expression data for at least 75% of assessed proteins and six clusters were used as an optimal classifier. A model able to discriminate adenocarcinoma from squamous cell carcinoma was developed on the same tumor sample set. For a patient to be included in the model building process, data were required to be present for at least 80% of the antisera. w 2 -Analysis was used to identify markers with a significant association for discriminating adenocarcinoma from squamous cell carcinoma histology. Logistic regression models were additively built using these markers by iteratively comparing all models when adding one antibody at a time, choosing the best model using Mallow's Cp statistic. 28 In a reverse manner a 'step-down' logistic model was derived and found to be very similar. In addition, recursive tree models were also created using all markers to search for evidence of potential expression-defined subclassifications. This did not appear to be a significant requirement for robust classification (data not shown). A linear regression model was selected that used SLC7A5, CEACAM5, MUC1, CK5/6, and TRIM29, similar to the antibodies nominated by the clustering of the gene expression patterns. This model was defined as (1.25
27 Â CK5/6)À0.95, in which each antibody is given a value of 0 or 1 based on the staining assessment. Patients are classified into the categories of adenocarcinoma and squamous cell carcinoma such that any patient with a score less than À0.95 is called adenocarcinoma by this test, greater than 0.30 is called squamous cell histological type, and patients with a score between these two values inclusive are of a undeterminable subclass and thus unclassified.
Results
Training Cohort
As part of a large project aimed at identifying novel immunohistochemical classifiers of lung carcinoma, 17 selected commercial and 88 novel antisera targeted for production by gene expression patterns (total 105) were used to stain the CCIH lung carcinoma tissue array cohort. Figure 1 shows a heat map representation of the antibody staining on 550 patients organizing patients into six clusters by k-means clustering. This unsupervised classification based on protein expression patterns sorted patients into groups that can be largely defined by histological class as determined by morphology at diagnosis. Cluster 1 is strongly enriched for patient samples with squamous cell carcinoma histology, which are typified by staining with antibodyrecognizing cystatin A, SLC7A5, ABCG2, NCSTN, CK5/6, TP63, and TRIM29. Clusters 2, 3, 4, and 5 are heavily populated by samples diagnosed as adenocarcinomas and are typified by staining with CEACAM5, TTF-1, MUC1, and ERBB2. The sixth cluster contains the majority of the large cell tumors but also includes a significant fraction either deemed adeno-or squamous histology at diagnosis. This cluster is typified by absence of staining with CEACAM5, CK5/6, TRIM29, and MUC1 and other markers that characterize the adenocarcinoma and squamous carcinoma clusters. These results demonstrate that the antibody staining patterns broadly reflect histological diagnosis, suggesting that the molecular features detected by these markers could form the basis of a robust diagnostic tool to aid the pathologist in distinguishing differentiation-based subtypes.
This staining data set was used to derive a linear regression model that combines results for selected squamous markers (SLC7A5, CK5/6, TRIM29) with adenocarcinoma markers (MUC1, CEACAM5) into a weighted classifier for distinguishing adenocarcinoma from squamous cell carcinoma. Samples that the model cannot unambiguously assign into one of these two subclasses are termed 'unclassifiable'. In the CCIH training cohort, the misclassification rate of the five-antibody test was low: 3% of samples designated as adenocarcinomas by morphological diagnosis were classified as squamous cell, 3% of squamous cell as designated by morphological diagnosis were classified as adenocarcinoma, and 12% of patients were unclassifiable (Table 2) . Representative lung carcinoma cases are shown in Figure 2 , with examples of staining with the antisera that comprise the five-antibody test.
Validation in Independent Cohorts
To test the association between histological type assignment by the five-antibody test and histological assessment by morphology, three independent lung carcinoma tissue array cohorts comprising 1111 samples in total, assembled at separate institutions (The Cleveland Clinic Foundation, Universitätsspi-tal Zü rich, and Invitromed), were stained with the five-antibody test (Figure 3) . Antibody scoring rules, regression model terms, and criteria for categorization as 'adenocarcinoma', 'unclassifiable' (scoring in between the adenocarcinoma or squamous cell categorizations), and 'squamous cell carcinoma' were prospectively defined before staining and scoring. For a patient to be included for model validation, staining data were required to be present for sufficient biomarkers in the model for an unambiguous classification.
In these three independent cohorts, the classification of tumors by the five-antibody test was strongly Figure 1 A heat map representation of a k-means clustering of antibody staining in the CCIH lung carcinoma cohort. Antibody staining is represented as positive (red) or negative (green), where the antibodies (x axis) were first hierarchically clustered, followed by k-means clustering of the tumor samples (y axis) into six clusters. These classes are compared to the number of patients in the different histological type diagnoses. Clusters 1 and 2 are strongly associated with morphological squamous cell carcinoma, typified by staining of CSTA, SLC7A5, ABCG2, TP63, NCSTN, CK5/6, and TRIM29 (red box). The clusters 3, 4, and 5 are heavily populated by adenocarcinomas, and are typified by staining with CEACAM5, TTF-1, MUC1, and ERBB2 (blue box). The sixth cluster contains the majority of the large cell tumors. This cluster is typified by absence of staining with CEACAM5, CK5/6, TRIM29, and MUC1. associated with pathologist morphological assessment (w 2 -test P-value o0.0001). For tumors for which a pathologist was able to assign a histological diagnosis of adenocarcinoma or squamous cell carcinoma, the five-antibody test had a misclassification rate ranging from 4 to 5%, with 4.1% (95% CI: 2.8-5.5%) in the combined validation population ( Table 2 ). The percentage of cases unable to be classified ranged from 6 to 12% on the validation cohorts (11% unclassified (95% CI: 8-13%) in the combined validation cohorts).
Comparison to TTF-1 and TP63
Two protein markers that are often used as an aid to morphology in determining histological type are TTF-1 and TP63. A staining pattern of TP63À/ TTF-1 þ has been used to help discriminate adenocarcinoma (and small cell carcinoma) from squamous cell carcinoma, which tend to stain TP63 þ / TTF-1À. Similar to the five-antibody test, in the four cohorts studied herein, staining and classification by TTF-1/TP63 were confirmed to have a low misclassification rate, ranging from 2 to 5%, with 3.5% misclassified (95% CI: 2.4-4.6%) in the combined population (Table 2; Figure 3 ). Defining the morphological H&E/AB-PAS-based interpretation as the gold standard and considering only those cases where a pathologist's diagnosis was available, the two tests showed very strong concordance (Cohen's k coefficient of 0.972 (95% CI: 0.95-0.99)), which reflects their low misclassification rate. However, there was a very strong difference between the five-antibody test and the TTF-1/TP63 test in the fraction of cases for which the tests were informative. The percentage of cases unable to be classified by TTF-1/TP63 (either TP63 þ /TTF-1 þ or TP63À/TTF-1À) ranged from 14 to 37% on the validation cohorts, and 22% (95% CI: 20-25%) in the combined cohorts, twice that found using the five-antibody test. The larger fraction of cases interpretable by the five-antibody test results in a significantly higher overall rate of correct histological type assignment (Po0.0001 for the difference in the proportion classifiable between the two tests).
Clinical trials in support of the VEGF-targeted therapeutic antibody, bevacizumab, as well as studies exploring EGFR inhibitors have created an increased need to distinguish adenocarcinomas from squamous cell carcinoma. To qualify for treatment with bevacizumab a pathologist is required to affirm a diagnosis of adenocarcinoma differentiation, which effectively groups together unclassifiable and squamous cell cases as poor candidates for bevacizumab treatment. In these cohorts, the five-antibody test was more sensitive for identifying adenocarcinoma cases compared to TTF-1/TP63, with a sensitivity of 88.6% (95% CI: 85.9-91.3%), compared to 74.6% (95% CI: 71.4-77.7%). Similarly, the NPV of the five-antibody test was superior, 84.8% (95% CI: 81.2-88.3%) compared to 63.7% (95% CI: 59.5-67.8%) for TTF-1/TP63. This difference was primarily due to the lower rate of unclassified samples by the fiveantibody test (Figure 4 ). Specificity and PPV were insignificantly different between the two tests (data not shown).
Large Cell Carcinoma Classification
Morphological large cell carcinoma is largely a diagnosis of exclusion of features characteristic of adenocarcinoma or squamous cell carcinoma. Among lung carcinoma cases for which both tests 
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were able to give a definitive diagnosis and which were given either a pathological diagnosis of large cell, a variety of other descriptive diagnoses besides adenocarcinoma or squamous cell, or for which there were insufficient morphological clues to allow the pathologist to assign a diagnosis beyond the exclusion of small cell carcinoma, the five-antibody test and TTF-1/TP63 agreed 94% of the time (Table 3) when each was able to make an unambiguous diagnosis. Both immunohistochemical tests showed a strikingly decreased ability to identify patients as either adenocarcinoma or squamous cell when the tumor had been morphologically diagnosed as large cell ( Figure 5 ); 33-60% (36% in the combined validation populations) for the five-antibody test, as opposed to 9-21% for those diagnosed as adenocarcinoma (12% for the combined population), and 2-13% for those diagnosed as squamous cell carcinoma (10% for the combined population). In contrast, 59% of tumors morphologically classified as large cell showed an immunophenotype consistent with a diagnosis of either adenocarcinoma or squamous cell carcinomas with the five-antibody test and 56% with TTF-1/TP63 (Table 3 ). When both tests were able to make a diagnostic call, the results between the five-antibody test and TTF-1/TP63 were consistent for 96% of these cases interpreted as large cell by morphology.
Discussion
Lung carcinoma is routinely subclassified into the histological variants of small cell carcinoma, adenocarcinoma, squamous cell carcinoma, and large cell carcinoma based on morphological features. 1 These subclasses differ not only in their presentation in different regions of the lung, but in outcomes as well, with large cell and adenocarcinomas tending to worse outcomes than squamous cell carcinoma. Despite these differences, histological type has not traditionally been an important factor in selecting treatment among non-small-cell lung carcinomas. [9] [10] [11] Reflecting this historical lack of established clinical utility for lung carcinoma classification, there is currently no standard molecular-based classifier for histological type diagnosis. A need for standardized classification of lung carcinoma is growing as novel molecularly targeted therapies have shown different activities in histological subclasses. Furthermore, the importance of molecular aids to diagnosis has increased as needle biopsies specimens are becoming common in diagnosis of advanced disease. Owing to the limited tissue sample, there is a relatively high rate of morphological misdiagnosis in needle biopsy samples compared to surgical specimens. 20 The results presented in this paper, comparing a novel five-antibody immunohistochemistry test and a more standard two-antibody test both performed on 600 mM tissue array cores, to the reference 'gold standard'-morphological diagnosis on surgical resection samples, simulate the problem of diagnosis on small samples. The diagnostic specificity of both tests was validated on three independent cohorts with a combined population of over a thousand patient samples. These studies demonstrated a low misclassification rate for both the five-antibody test and TTF-1/TP63, very high agreement between the two tests when both made a diagnosis, and a much Figure 5 Distribution of samples unclassified by the antibody tests. The tumor samples from the four cohorts that were classified as either squamous cell, large cell, or adenocarcinoma by pathological diagnosis are categorized on the x axis, and the fraction of each classified by the two tests as 'unclassifiable' is exhibited. The error bars represent one standard error of the proportion. Both molecular tests show a strikingly decreased ability to declare patients as either squamous or adenocarcinoma when the tumor had been diagnosed as large cell and TTF-1/TP63 has a much higher overall fraction of unclassifiable cases.
lower rate of failure to classify samples for the fiveantibody test, enabling a diagnosis for a larger number of patients. This likely reflects that using these five markers allows a greater sampling of the physiological diversity within the biological subclasses, while still maintaining the specificity of class assignment and using few enough stains to be practical in a standard clinical laboratory setting. The concordance between diagnoses demonstrated in this study between two independent immunohistochemical-based tests and their high concordance with morphological diagnosis performed on surgical specimens affirms the robust nature of the biological classification and the tests.
The five antisera used by the test belong to a variety of biochemical or differentiation pathways, yet all have been seen to exhibit differential expression in tumor tissues. SLC7A5 is part of a two-protein complex with SLC3A2, the heavy chain of a neutral amino-acid transporter implicated in nutrient transport at the blood-brain barrier and has been noted to be differentially expressed between adeno-and squamous cell lung carcinomas. 29, 30 CEACAM5 is a glycosylphosphatidylinositol-anchored protein member of the immunoglobulin supergene family and has been seen to be differentially expressed among lung histological types.
31
TRIM29 contains multiple zinc-finger motifs and a leucine zipper motif and thus may act as a transcriptional regulatory factor. Though little is known of its function in lung carcinogenesis, it has been noted as being differentially expressed between pancreatic ductal and chronic pancreatitis and is a consistent member of 'basal' breast carcinoma classifiers identified in gene expression profiling experiments. 32 MUC1 is a member of the mucin family and encodes a membrane-bound, heavily glycosylated protein. The protein contains a variable number of tandem repeats (from 25 to 125 repeats) in its extracellular domain; the large MUC1 allele has been shown to be significantly associated with lung adenocarcinoma but not with squamous cell carcinoma.
33 CK5/6 recognizes cytokeratin 5 and 6, type II cytokeratins who have been shown to be strongly differentially expressed in lung carcinoma subtypes and is also a marker of basal breast cancer. 21 Beyond its use in the pathology lab to augment morphology in determining histological type, molecular-based classifiers such as this five-antibody test have the potential to make farther reaching changes in lung carcinoma clinical practice. For example, the pathophysiology of the risk of hemorrhage with bevacizumab administration is unclear; however, the association with squamous cell differentiation is well established. There remains a small risk of hemorrhage in patients with presumed adeno differentiation, 19 and given the uncertainty in making a diagnosis on needle biopsy tissue, it is possible that misclassification of tumor phenotype might account for some of these cases. For the purpose of confirming a diagnosis of adenocarcinoma and therefore identifying candidates for bevacizumab treatment, the misclassification rate of the fiveantibody test and TTF-1/TP63 as 'non-squamous' (ie as candidates for treatment) was similar (6 and 5%, respectively, with 95% CI of 4-9 and 3-8%). However, the five-antibody test had a much lower rate of unclassified cases (11 vs 25%, 95% CI of 9-14 and 22-29%) and therefore was able to identify a significantly larger number of adenocarcinoma patients who were candidates for targeted therapy.
The use of the five-antibody test might diminish the classification error rate even in cases where Abbreviation: NSCLC, non-small cell lung carcinoma. The tumor samples from the four cohorts that were classified as either squamous cell, large cell, adenocarcinoma or 'other' (lung carcinoma not otherwise specified, mucoepidermoid, etc) by pathological diagnosis are categorized by rows, and the number of each classified by the two tests as 'squamous cell', 'unclassifiable', or 'adenocarcinoma' is exhibited.
there is sufficient tissue for a morphological diagnosis, resulting in decreased risk to the patient. In support of this, the two molecular tests used in this analysis agreed on over 99.5% of the morphologically diagnosed adenocarcinoma samples when each test was able to make an unambiguous diagnosis. In total, 4.3% of the samples diagnosed by morphology as adenocarcinoma were reclassified as squamous cell carcinomas by both molecular tests (Table 3 ). This suggests that molecular features may be an invaluable aid in increasing confidence in determining patient class for therapy selection. A similar impact on the response rate of the EGFR inhibitors gefitinib and erlotinib might be anticipated by improving histological classification. These studies have also demonstrated the potential for the use of the five-antibody test in assignment of a subset of morphological large cell cases to adeno-or squamous cell differentiation classes. Classification of large cell carcinoma has been traditionally defined by negative criteria, based on lack of squamous, glandular, or small cell features. Large cell carcinomas are thus, by definition, poorly differentiated tumors with a diagnosis of no more than 10% of cells consistent with squamous or adenocarcinoma differentiation in the sample. This subgroup is typically small (usually in the order of 10% of a cohort) and no specific response to therapy had been associated with it. Recently there has been an effort to better define this group of tumors by using molecular and genetic features as well as morphological features 34 and has discriminated two new tumor entities within morphological large cell carcinoma, the neuroendocrine carcinomas 35 and basaloid carcinomas, 36 both of which have a poor prognosis. Both TTF-1/TP63 and the five-antibody test identify an increased fraction of unclassifiable samples when the tumor had been morphologically diagnosed as large cell ( Figure 5 ) consistent with an undifferentiated phenotype or with molecular features distinct from adenocarcinoma or squamous cell carcinoma. Interestingly, when both tests were able to make an unambiguous diagnostic call among the pathologically defined large cell cases, the results between the five-antibody test and TTF-1/ TP63 were consistent for 96% of these cases, suggesting that the molecular features of this subset of samples are more similar to squamous or adenocarcinomas, and may be properly classified as containing differentiated features. Similarly, for all cases where pathologists either declined to make a histological call, or where diagnosis of distinctive morphology was noted (mucoepidermoid, basaloid, etc), these tests agreed 92% of the time (Table 3) . The appropriate management of large cell cases or other rare morphological types, reclassified as adeno-or squamous cell by molecular analysis with reliable, validated assays like this five-antibody test will need to be explored in larger clinical trials with appropriate clinical outcome data.
In the studies presented in this paper we show that a five-antibody test is able to reproducibly distinguish adenocarcinoma and squamous cell carcinoma lung carcinoma tumors and is superior to two biomarkers targeting TTF-1 and TP63 in correctly classifying patients. These studies have also demonstrated the potential of a five-antibody test in assignment of a subset of morphological large cell cases to adenocarcinoma or squamous cell classes. Furthermore, our findings suggest that this test could improve patient stratification as well as increase the number of patients deemed eligible for emerging targeted therapies by increasing the sensitivity and confidence with which histological type diagnosis can be established on needle biopsies. In this regard, prospectively defined clinical trials assessing the five-antibody test as an aid to clinical stratification might increase the number of patients deemed candidates for emerging targeted therapies. Most importantly, these results suggest the fiveantibody test may have an immediate role to pathologists in complimenting the morphological assessment of lung carcinoma histological types. The increased use of needle biopsies for diagnosis of late stage disease, and the consequent diminished amount of tissue available for interpretation, has created a pressing need for such a molecular-based classifier in the clinic.
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